New Dogs in the Dogma: Lrp4 and Tid1 in Neuromuscular Synapse Formation  by Song, Yuanquan & Balice-Gordon, Rita
Neuron
PreviewsNew Dogs in the Dogma: Lrp4 and Tid1
in Neuromuscular Synapse Formation
Yuanquan Song1 and Rita Balice-Gordon1,*
1Department of Neuroscience, University of Pennsylvania School of Medicine, Philadelphia, PA 19104-6074, USA
*Correspondence: rbaliceg@mail.med.upenn.edu
DOI 10.1016/j.neuron.2008.11.003
Two recent papers reported identification of a long-sought agrin coreceptor, Lrp4 (Kim et al. in Cell and
Zhang et al. in Neuron). In this issue of Neuron, Linnoila et al. report the identification of a new player in
the agrin-MuSK pathway, Tid1, which directly interacts with MuSK and is responsible for transducing signals
from MuSK activation to AChR clustering, culminating in cross-linking to the subsynaptic cytoskeleton.
These papers substantially reshape the agrin-MuSK-ACh hypothesis of neuromuscular synaptogenesis.Neuromuscular synaptic function de-
pends critically on the precise spatial
apposition of presynaptic motor neuron
acetylcholine release sites with high-
density clusters of acetylcholine receptors
(AChRs) in the postsynaptic muscle fiber
membrane. During neuromuscular synap-
togenesis, AChRs are clustered before
innervation, prepatterning a central mus-
cle region where synapses will later be es-
tablished. Motor neuron signals refine the
muscle prepattern by clustering AChRs
beneath terminals and dispersing uninner-
vated clusters so that AChRs become
localized to, and are stably maintained at,
nascent synapses. Over the last 15 years,
work from a number of groups has uncov-
ered the basic signaling mechanisms that
underlie these events. Muscle-specific
kinase (MuSK), a receptor tyrosine kinase
expressed by postsynaptic muscle fibers,
is essential for the formation of aneural,
prepatterned AChR clusters as well as for
the formation and maintenance of later,
innervatedAChRclusters. Thepresynapti-
cally released proteoglycan agrin is now
more fully understood to be important as
an anti-declustering, AChR cluster main-
tenance factor. A role for the neurotrans-
mitter ACh as a cluster dispersion factor
for noninnervated AChR clusters has also
recently come to be appreciated.
While the agrin-MuSK-ACh hypothesis
has been validated in vitro and in vivo us-
ing a wide variety of approaches, many
questions remain unanswered. Our un-
derstanding of how MuSK itself becomes
clustered in presumptive postsynaptic
sites, how it induces aneural ‘‘prepat-
terned’’ AChR clusters in the absence of
agrin, whether there are additional agrin526 Neuron 60, November 26, 2008 ª2008 Ecoreceptors, whether there are additional
MuSK ligands, and the identity and role
of effectors downstream of MuSK activa-
tion that culminate in AChR interactions
with the cytoskeleton, via the adaptor pro-
tein rapsyn, is incomplete. In three papers
in recent issues of Cell and Neuron, the
identity of an agrin coreceptor, low-
density lipoprotein receptor-related pro-
tein4 (Lrp4), thatbindsandclustersMuSK,
is reported by Steve Burden’s (Kim et al.,
2008) and Lin Mei’s (Zhang et al., 2008)
labs, and the identity of a new effector
downstream of MuSK, a mammalian ho-
molog of Drosophila tumorous imaginal
disks 1 (Tid1), is reported by the late
Zuo-Zhong Wang’s lab (Linnoila et al.,
2008; Figure 1).
While a wealth of genetic evidence sup-
ports the agrin-MuSK-ACh hypothesis,
evidence for a protein-protein interaction
between agrin and MuSK has been lack-
ing, suggesting that there are one or
more agrin coreceptors that remain to
be identified. Earlier work had proposed
that an additional protein complex that
directly bound agrin and was expressed
specifically in muscle cells, called a myo-
tube-associated specificity component
(MASC), was required to constitute a fully
functional receptor complex that both
binds and responds to agrin (Glass
et al., 1996). Niswander and colleagues’
observation of aberrant neuromuscular
synapse formation in mice lacking Lrp4
expression (Weatherbee et al., 2006) pro-
vided an important clue. Lrp4 (also called
MEGF7) is a member of the LDLR family
and is involved in a number of processes,
including signal transduction and recep-
tor-mediated endocytosis. Mice lackinglsevier Inc.Lrp4 expression display neuromuscular
synaptic defects strikingly similar to those
present in mice lacking MuSK expres-
sion (DeChiara et al., 1996), namely the
absence of postsynaptic AChR clusters,
extensive aberrant presynaptic branch-
ing, and reduced formation of presynaptic
terminals. Prompted by this observation,
Kim et al. and Zhang et al. asked whether
Lrp4 might be the long-sought agrin
coreceptor/MASC. Collectively, the two
groups provided biochemical evidence
that Lrp4 binds agrin, forms a complex
with MuSK, and is essential for MuSK ac-
tivation by agrin. Zhang et al. established
that Lrp4 directly interacts with both agrin
and MuSK, and Kim et al. showed that
Lrp4, but not MuSK, self-associates in
heterologous cells and is sufficient to
cluster MuSK. Zhang et al. showed that
Lrp4 is colocalized with MuSK at neuro-
muscular synapses and that the two pro-
teins exhibit similar expression patterns
in cultured muscle cells, in agreement
with in situ hybridization and other data
from Weatherbee et al. and Kim et al.
Moreover, in mice lacking lrp4 expres-
sion, MuSK transcripts are not restricted
to the endplate band, and aneural, pre-
patterned AChR clusters fail to form.
These observations raise the question of
whether Lrp4 clustering precedes and in
turn leads to MuSK clustering, priming
transcriptional mechanisms in subsynap-
tic nuclei and protein-protein interactions
that lead to the formation of aneural
AChR clusters and ultimately the forma-
tion of functional neuromuscular synap-
ses. As with most breakthrough work, as
many questions are raised as answered.
It will be important to establish the
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PreviewsFigure 1. Roles of Lrp4 and Tid1 in Neuromuscular Synapse Formation
Agrin, released from motor neuron terminals, binds to an Lrp4-MuSK complex, promoting MuSK phos-
phorylation and activating multiple signaling pathways that lead to AChR clustering and other aspects
of synaptic differentiation. Downstream of MuSK, Tid1 may trigger reorganization of the postsynaptic
cytoskeleton, possibly by interacting with Adenomatous Polyposis Coli (APC, A), heat shock proteins
(B), and/or by activating small GTPases and signaling through Dishevelled (Dvl) and p21-activated kinase
(PAK, C), modulating AChR clustering and stabilization via interactions with the subsynaptic cytoskeleton.
Dok7 facilitates AChR clustering, possibly by forming a complex with MuSK and Tid1. Acetylcholine (ACh)
can disperse AChR clusters, in part via a Cdk5-dependent mechanism (Lin et al., 2005). Thus, agrin-Lrp4-
MuSK-Tid1 signaling results in the formation and maintenance of pre- and postsynaptic specializations,
while ACh eliminates nonsynaptic AChR clusters that are remnants of the agrin-independent, MuSK-,
Lrp4-, and Tid1-dependent prepattern, ultimately resulting in the spatial alignment of pre- and postsynap-
tic specializations that are required for neuromuscular synaptic function. Modified from Linnoila et al.
(2008).domains of Lrp4,MuSK, and agrin that are
important for their mutual interactions, as
well as whether Lrp4 is clustered in mice
lacking MuSK expression. Moreover,
given the prominent exuberant branching
of motor axons and absence of differenti-
ated nerve terminals in mice lacking lrp4,
musk, or agrin, the role of Lrp4 in pre-
synaptic differentiation remains to be
explored.
Linnoila et al. report in this issue of
Neuron a new effector, Tid1, in the agrin-
Lrp4-MuSK pathway. Tid1 was initially
identified in a two-hybrid screen for novel
MuSK interactors and is colocalized with
AChRs at developing, adult, and dener-
vated neuromuscular synapses. Inhibition
of Tid1 by shRNA impairs AChR clustering
and cluster maintenance and reduces
spontaneous miniature endplate poten-
tials (EPPs) and evoked EPPs at adult
mouse neuromuscular synapses. Linnoila
et al. show that Tid1 functions down-
stream of MuSK by incorporating dockingprotein 7 (Dok7), a protein that binds to
MuSK and is required for AChR clustering
(Okada et al., 2006), into a Tid1-MuSK-
Dok7 complex in an agrin-dependent
manner, but is not itself involved in agrin-
dependent MuSK phosphorylation. Sev-
eral experiments suggest that Tid1 exists
in an inactive conformation until activated
by MuSK activation, exposing Tid1 to the
N-terminal domain which is important for
AChR clustering. Tid1 activates the small
GTPases Rac1 and RhoA and stimulates
tyrosine phosphorylation of the AChR
b subunit necessary for interactions with
rapsyn, suggesting that this pathway
may influence AChR clustering and stabi-
lization by modifying the subsynaptic
cytoskeleton. Thus, while in vivo genetic
evidence is lacking, Tid1 seems to bridge
an important gap in the pathway between
agrin-induced activation of MuSK and
AChRclustering and clustermaintenance.
This work also raises many interesting
questions, most importantly understand-Neuron 60,ing how Tid1 acts downstream of MuSK
and Dok7 to affect AChR clustering. Tid1
has two splice variants, Tid1S and
Tid1L, which differ only at the C terminus.
While Tid1S binds to MuSK leading to
AChR clustering, it is unclear what the
functions of Tid1L are. Linnoila et al.
show that Dok7 is not required for Tid1-
MuSK binding, but aneural, prepatterned
AChRs are absent in mice lacking Dok7
expression (Okada et al., 2006). Thus, it
will be of interest to examine the stoichi-
ometry of the Tid1-MuSK-Dok7 complex
and the relative roles that each plays in
AChR clustering. Tid1 contains a DnaJ
domain, which binds to and activates
heat shock cognate protein 70 (Hsp70),
and an H121Q mutation in this domain
abolishes its ability to rescue Tid1 knock-
down phenotypes. This highlights a po-
tential interaction with heat shock pro-
teins, one of which, Hsp90b, has
recently been implicated in AChR cluster-
ing (Luo et al., 2008). Tid1 activation could
release Hsp70, disinhibiting small
GTPases that in turn may modulate
AChR-cytoskeleton interactions. Clearly,
much interesting work remains to be
done to fully understand the role of
Tid1 in AChR clustering and cluster
maintenance.
These three papers establish Lrp4 as an
agrin coreceptor and Tid1 as an effector
linking MuSK activation to AChR cluster-
ing. Now that the dogma has more dogs,
it is even more clear that our newly
expanded understanding still remains
incomplete. Exploring the roles of Lrp4
and Tid1 in early MuSK clustering and
activation prior to innervation, their roles
in pre- and postsynaptic differentiation,
and the possibility of additional MuSK
ligands/activators will be fertile ground
for future work.
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In this issue of Neuron, Winkowski a
the barn owl and the rhesus macaq
of such distantly related organisms
The discovery of parallels between the
attentional systems of the barn owl and
the rhesus macaque is profoundly inter-
esting because amniotes, the common
ancestors of macaque and owl, diverged
during the Carboniferous period, some
300–360 million years ago. This diver-
gence resulted in two major evolutionary
lineages, the Synapsids, which eventually
gave rise to mammals, and the Saurop-
sids, which eventually gave rise to birds.
The experiments described in the Win-
kowski and Knudsen article (Winkowski
and Knudsen, 2008 [this issue of Neuron])
were inspired, in part, by a series of ele-
gant studies implicating the frontal eye
field region (FEF) of the rhesus macaque
in the control of spatial attention.
FEF, part of the frontal cortex, plays a
key role in the control of eye movements.
It forms a retinotopic map of visual space,
with electrical stimulation of neurons at
a given FEF site eliciting eye movements
to a position in visual space known as
the movement field (MF) of the stimulation
site. Stimulating current can be reduced
to a level just below the threshold current
required to elicit an eye movement. This
causes an improvement in perception at
the MF location. The effect of stimulation
is similar to what is observed with spatial
attention: a reduction in the minimum
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nd Knudsen reveal striking parallels
ue. The observation of close similariti
strongly suggest that key computat
luminance contrast at which the monkey
can accurately discriminate a stimulus
appearing at the movement field location
(Moore and Fallah, 2001). FEF projects
both directly and indirectly to visual
cortical areas involved in attentional
selection, including visual area V4, an in-
termediate stage of processing within
the ventral stream. Lesions of V4 mark-
edly impair performance on attention-
demanding tasks (De Weerd et al., 1996).
Neurophysiological studies of V4 have
found that when attention is directed to
a stimulus within a V4 neuron’s receptive
field, this modulates the neuron’s re-
sponse so as to enhance processing of
the attended stimulus while simulta-
neously suppressing neuronal responses
to task-irrelevant distracters (Reynolds
and Chelazzi, 2004). Both of these forms
of attentional modulation are observed
under low levels of FEF stimulation
(Moore and Armstrong, 2003; Armstrong
et al., 2006), suggesting that FEF modu-
lates the circuitry within V4 to yield
attentional selection.
The present study builds on earlier
work from Winkowski and Knudsen that
followed a similar logic (Winkowski and
Knudsen, 2006). They applied small
amounts of electrical current to neurons
in the arcopallial gaze fields (AGF), a pre-
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ional principles are at work.
motor region in the owl’s forebrain that is
a possible homolog of mammalian FEF.
As with FEF, AGF plays a central role in
the control of gaze direction andmediates
memory-guided saccades. As with FEF,
AGF projects in parallel to the deep layers
of the optic tectum (OT, the avian equiva-
lent of the mammalian superior colliculus)
as well as to saccade-generating premo-
tor neurons in the brainstem. Consistent
with this putative homology, Winkowski
and Knudsen found that AGF stimulation
increases the responses of downstream
sensory neurons located in the deep
layers of the OT. On the basis of these ex-
periments, they concluded that owl AGF
plays a role in attentional allocation that
is similar to the role of FEF in the
macaque.
In the present study, they take this par-
allel a major step forward by quantifying
the effects of AGF stimulation while para-
metrically varying the auditory stimulus
used to drive OT neurons. They find that
AGF stimulation modulates OT neuronal
responses in ways that closely parallel at-
tentional modulation in the macaque and
the human (Reynolds et al., 2000; Marti-
nez-Trujillo and Treue, 2002; Li et al.,
2008; Ekstrom et al., 2008). The first of
these primate studies was motivated by
a relatively simple model of the circuitry
